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EFFICIENT DE-SPREADING

PRIORITY CLAIM

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/819,303, filed May 3, 2013, and
entitled “Efficient De-Spreading,” the disclosure of which is
incorporated by reference herein in its entirety and made part
hereof.

FIELD

Aspects of the disclosure pertain to satellite communica-
tion systems and in particular to satellite communication
systems in which spectrum spreading is used.

BACKGROUND

In satellite communication systems, reception at low signal
to noise ratio (SNR) is evident when the receiving antenna is
small and/or the signal being received is transmitted at limited
(low) power. Spreading techniques are well known to enable
reliable communication under low SNR conditions. In one
such spreading technique, known as repetitions, each symbol
is transmitted several times and the repetitions are coherently
combined at a receiver. Thus, while each transmitted instance
of'a symbol is received at a low SNR, the SNR of a symbol
combined from all its repetition instances is high enough to
enable reliable communication.

In one method for transmitting symbol repetitions, known
as block repetition, successive repetitions of an entire block of
symbols are transmitted. Carrier frequency offsets between a
transmitter and a receiver cause the phase of received symbols
to rotate with time. Consequently, phase offsets appear
between repetitions of the same symbol, making simple (non-
coherent) combining of repetitions of the same symbol inef-
fective. Therefore, when combining repetitions it is necessary
to first estimate the phase offset between the combined rep-
etitions, to cancel the estimated phase offset and only then to
combine (sum) the repetitions (coherent combining).

In one approach towards coherent combining of repeti-
tions, phase offset estimation and combining the phase-cor-
rected repetitions is done gradually. First, a phase offset
between the first repetition and the second repetition is esti-
mated, the phase of the second repetition is corrected in
accordance with the estimated phase offset (i.e., the phase
offset is canceled) and the two repetitions are summed (com-
bined), resulting in a first combined repetitions result. Then,
the phase offset between the first combined repetitions result
and the third repetition is estimated, the phase offset of the
third repetition is canceled and the third repetition is added to
the first combined repetitions result, resulting in a second
combined repetitions result. In case there are additional rep-
etitions, the process described above continues in a similar
manner until all the repetitions are combined.

However, the method described above (i.e., block phase
offset estimation, phase-offset cancelation, and combining)
yields poor results when the signal is received at low SNR.
The fundamental weakness of that method is the phase esti-
mation accuracy. Since the phase estimations are performed
in stages, wherein at each stage the phase offset is estimated
using only a relatively small portion of the received signal’s
energy, the estimation accuracy is significantly degraded
when the signal is received at low SNR. With the phase
estimations being significantly inaccurate, the combining of
the repetitions becomes non-coherent and thus ineffective.
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2
SUMMARY

The following presents a simplified summary in order to
provide a basic understanding of some aspects of the disclo-
sure. The summary is not an extensive overview of the dis-
closure. It is intended neither to identify key or critical ele-
ments of the disclosure nor to delineate the scope of the
disclosure. The following summary merely presents some
aspects of the disclosure in a simplified form as a prelude to
the description below.

Aspects of the disclosure are directed to methods for at
least estimating a phase offset between successive block rep-
etitions. The disclosed methods may utilize more than two
repetitions in order to determine a common phase offset
between any two successive repetitions. In some embodi-
ments, these methods may allow summation of repetitions
with better coherency and/or with a lower de-spreading loss.

Aspects of the disclosure are directed to a satellite commu-
nication system comprising at least one transmitter and at
least one receiver, wherein the at least one transmitter may be
configured to transmit towards the at least one receiver modu-
lated symbols using a block repetition technique and the at
least one receiver may be configured to receive block repeti-
tions of modulated symbols and to use any of the above
mentioned methods for at least the purpose of estimating a
phase offset between received repetitions. In some embodi-
ments, the at least one receiver may be further configured to
use said estimated phase offset for at least the purpose of
coherently combining the received repetitions.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus described the disclosure in general terms,
reference will now be made to the accompanying drawings,
which are not necessarily drawn to scale, and wherein:

FIG. 1 shows an example flowchart of an algorithm for
estimating a phase offset between repetitions in accordance
with aspects of the disclosure.

FIG. 2 shows an example of received repetitions and their
processing in accordance with aspects of the disclosure.

FIG. 3 shows an example of repetitions processing in
accordance with aspects of the disclosure.

FIG. 4 shows an example of received repetitions and their
processing in accordance with aspects of the disclosure.

DETAILED DESCRIPTION

In one aspect of the disclosure, a method for at least esti-
mating a phase offset between repetitions may be presented.
With reference to FIG. 1, flowchart 100 may represent an
algorithm for at least estimating a phase offset between (re-
ceived) repetitions in accordance with aspects of the disclo-
sure.

A signal may comprise modulated symbols. A vector a
comprising L. symbols (e.g., a=[a,, a,, . . ., a;_,], L>0), may
represent a block of modulated symbols of length L. Vector a
may be transmitted using a block repetition technique. A
vector b (e.g., b=[a, a, . . ., a]) may represent a transmitted
vector of symbols, wherein vector b may comprise M repeti-
tions (e.g., M=2) of vector a, and wherein M may represent
the number of repetitions and/or the spreading factor.

Vector b may be transmitted via a medium (for example, a
satellite link, any other wireless link, or any wired link) and
received by a receiver as vectory (€.g., V=V, V15 - - - » Yazz_1])
(110). Upon receiving vector y, the receiver may be config-
ured to construct K vectors X, t0 X, (e.g., wherein K<I.)
(120), wherein each vector X, (e.g., X =¥, ¥/}, . .., ¥y, ]=
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[¥is Yiezs - -5 Yiear—1yr], wherein O<i<l-1 and O<j<K-1) may
comprise received replicas of the same symbol (e.g., symbol
y,)- Insome embodiments, each vector x; may comprise all the
received replicas (e.g., M replicas) of the same symbol (e.g.,
symboly,). It may be noted that received replicas of a symbol
may be originally located in vector y at intervals of L. sym-
bols. In some embodiments, the number of vectors x; (e.g., K)
may equal the number of symbols in the original block of
symbols (e.g., K=L). In such embodiments the receiver may
be configured to use all the received symbols for at least the
purpose of estimating a phase offset between repetitions. In
some embodiments, the number of vectors x; (e.g., K) may be
smaller than the number of symbols in the original block of
symbols (e.g., K<L). In such embodiments, the receiver may
be configured to use only part of the received symbols for
estimating a phase offset between repetitions.

A carrier frequency offset may exist between the receiver
(e.g., of vector y) and the transmitter (e.g., of vector b). Thus,
the received symbols (e.g., the symbols in vector y), may be
received with a phase offset or in other words may be phase
rotated. Let Af represent the frequency offset that may exist
between the transmitter and the receiver. Let ¢, represent a
phase of a symbol y, (O=i=<[.-1). Since successive replicas of
the same symbol may be spaced L. symbols apart, the phase
difference, e.g., 0, between successive elements in each vec-
tor x;, may be calculated as 6=2x-Af'T-L, wherein T may
represent a duration of a single symbol (e.g., thus T-L. may
represent a duration between successive repetitions of the
same symbol). Consequently, the phases of symbols in a
vectorx, (e.8., X, =Y,s Yirzs - -+ » Yisar_1)z]) may be represented
as ¢, §;40, . . ., ¢,+(M-1)8, respectively.

The above reasoning may be applied to any of the symbol
replica vectors X; (e.g., vectors X, X, . . . , Xz_; ). Bven though
each vector x; may be characterized by a different constant
phase (e.g., the phase of element ¥, may be ¢,), the phase
offset between successive elements in each vector x; may be
the same (e.g., 0) in all the vectors x;, and that phase offset
(e.g., 8) may be equal to the phase difference between suc-
cessive repetitions. Consequently, the phase difference
between successive repetitions may be estimated using sym-
bol replica vectors x,.

It may be noted that the above conclusion may allow over-
coming a main deficiency in known phase-offset estimation
methods, which yields poor estimations under low SNR con-
ditions, as it may allow estimating a phase offset in one step
while utilizing either many or all of the received repetitions
(e.g., most or all the received energy, respectively).

The receiver may be configured to determine N phase-
offset hypotheses (e.g., denoted as 6,, 0,, ..., 0, ,,e.g.,in
radians) corresponding to a phase difference (e.g., 0) between
successive repetitions (130). In some embodiments, said N
phase hypotheses may be evenly spaced (e.g., between 0 and
2m), while in some embodiments any set of N hypotheses may
be used. In some embodiments, the number of said hypoth-
eses, e.g., N, may be determined in accordance with any of a
maximum expected frequency offset (e.g., a maximum car-
rier frequency offset that may exist between the receiver and
the transmitter), a maximum expected phase offset over a
duration of L symbols, a needed estimation resolution, and
any computational limitations that may exist in any particular
embodiment. In general, using more hypotheses may allow
coping with a higher frequency offset and/or estimating at a
finer resolution, whereas computational limitations may limit
the number of hypotheses.

Furthermore, the receiver may be configured, e.g., after
determining said phase-offset hypotheses, to calculate K
combined symbol vectors z, to 7., (140), wherein each
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4

element 7, inavectorz, (e.g., z=[7,, 7, ..., 7], wherein
0<j<K-1) may be calculated by combining all the elements
(e.g., ¥, wherein O=m=M-1) in the corresponding vector X,
(e.g., all received replicas of a symbol y,, wherein O<i<[.-1)
in accordance with a phase-offset hypothesis 0,, (O<n=N-1).
Thus, each combined symbol vector z; may comprise the
results of combining all the received replicas of a symbol
(e.g., as per a vector X)) in accordance with all said phase-
offset hypotheses (e.g., 0,, 0, . . ., 0, ;). In some embodi-
ments, an element #, in a vector z; may be calculated accord-
ing to the formula:

M-1

4= g e

m=0

In some embodiments, a vector z; may be calculated (com-
puted) from a vector x; and in accordance with said deter-
mined phase hypotheses using a Fast Fourier Transform
(FFT) or a Discrete Fourier Transform (DFT). In some of
those embodiments, the size of the transform may be higher
than the number of determined phase hypotheses (e.g., N), for
example in order to achieve a more accurate estimation (e.g.,
finer or higher estimation resolution).

The receiver may be further configured to calculate K
metric vectors sy to s, (e.g., s~[¢0, ¢, ..., 5, ], wherein
0<j=<K-1) that may correspond to combined symbol vectors
Z, 10 2z, (150). Each element ¢’ in a vector s; may corre-
spond, for example, to any of a power characteristic, an
energy characteristic or an amplitude characteristic of a cor-
responding 7, element in a corresponding z; vector (e.g., a
corresponding symbol which may be combined from its cor-
responding replicas (e.g., as per a vector X,) using a corre-
sponding phase offset 0,,). In some embodiments, each ele-
ment 8/, in a metric vector s; may be computed from a
corresponding element 7/, in a corresponding combined sym-
bol vector z, using the absolute value operation, for example
in accordance with the formula:

5,/=lz,71

In some embodiments, each element ¢/, in a metric vector
s; may be computed from a corresponding element Z ina
corresponding combined symbol vector z; using the Bessel
function.

The receiver may be configured, e.g., upon calculating
(computing) all K metric vectors s, to s ,, to calculate an
average metric vector v (e.g., vV=[vy, v, . . ., Va_;]) (160),
wherein each element v,, (0=snsN-1) in vector v may be
calculated (computed) by averaging the K corresponding ele-
ments s°, to s*~!, from the corresponding K metric vectors s,
10 sx_,, respectively.

The receiver may be further configured to determine the
maximum element value in vector v (e.g., upon calculating
(computing) the average metric vector v), for example, V,,,+
(e.g., Vo vmMAX(v,, vy, ..., Va_y)) (170), to determine the
index of the element in vector v having the maximum value
Varaxs €8, index p (v,=V,,y, wherein 0=p=N-1), and to
estimate a phase offset, e.g., 0', between each two consecutive
repetitions of said M repetitions in accordance with the
phase-offset hypothesis corresponding to said maximum
value element v, (for example, 6'=6,,, wherein 6' may be in
radians) (180). In some embodiments, the receiver may be
configured to use an interpolation technique over the ele-
ments of the average metric vector v, at least for the purpose
of estimating said phase offset between repetitions, e.g., ',
more accurately or using higher resolution. Using an interpo-
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lated vector corresponding to vector v, the receiver may be
configured to determine an element in the interpolated vector
having a maximum value, to determine an interpolated phase-
offset hypothesis corresponding to said element of the inter-
polated vector having the maximum value, and to determine
a phase offset, e.g., 0', between each two consecutive repeti-
tions of said M repetitions in accordance with said interpo-
lated phase-offset hypothesis.

In some embodiments, the receiver may be configured to
use the estimated phase offset, e.g., 0, for at least the purpose
of coherently combining the elements of vector y, e.g., for
combining the received M repetitions of said L symbols.
First, the phase offsets between the M repetitions of each
symbol (e.g., the repetitions may be spaces by L symbols)
may be canceled to produce phase-corrected symbols, and
then the phase-corrected symbols may be combined
(summed) to produce coherently combined symbols. Denot-
ing each combined symbol by r, (O=i<l.-1), said combining
may be represented as follows:

M-1
— —j¢
ri= Z Yirmee M

m=0

FIG. 2 and FIG. 3 together may present an example of the
method described above in general terms. The embodiment
described in that example is not necessarily a preferred
embodiment or advantageous over any other possible
embodiment, and should in no way be construed to exclude
other embodiments or restrict the disclosure in any way.

FIG. 2 may present a received stream of symbols 200
comprising 4 symbol block repetitions 210, 220, 230 and 240
(e.g., M=4), each comprising [ symbols. The modulated
symbols may be denoted as a, (0<i<l.-1) and each modulated
symbol may be repeated four times at equal spacing of L.
symbols. For example, symbol a, may be repeated as symbols
211, 221, 231 and 241, and symbol a;_, may be repeated as
symbols 215,225,235 and 245, in both examples correspond-
ing to block repetitions 210, 220, 230 and 240, respectively.
For each received symbol, FIG. 2 may denote in parenthesis
the phase at which the symbol may be received. For example,
symbol a, may be received at phase ¢ in the first repetition
(211), at phase L¢+¢ in the second repetition (221), and at
phases 2L¢+¢ and 3L¢+¢ in the third and fourth repetitions
(231, 241), respectively. In the above notation, ¢ may repre-
sent the phase offset of the first received symbol (211) while
a frequency offset that may exist between a transmitter of
symbols 200 and a receiver of symbols 200 may cause a
phase-offset increment of ¢ between adjacent symbols. Thus,
using the same notation, a phase offset between two succes-
sive repetitions of the same symbol a,, which may be sepa-
rated by L. symbols, may be denoted as L¢.

Further in reference to FIG. 2, received symbols 200 may
be ordered (251, 252, 253 and 254) into 4 row vectors (260),
wherein each row vector may contain one repetition of each
modulated symbol. As shown in FIG. 2, considering the col-
umns that may be formed by the 4 row vectors (e.g., the first,
second and last columns may be circled in the FIG. 2), each
column may include all 4 repetitions of the same modulated
symbol. Out of the L. columns in vectors 260, K columns
(K<L) may be selected to form K vectors, for example, vec-
tors 271,272 and 275, also denoted as X, X, and X,_,, respec-
tively. Bach vector x, (0=j=K-1) may include all 4 (M) rep-
etitions of one modulated symbol. In some embodiments, all
L columns may be selected (e.g., K=L), while in other
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6

embodiments only a subset of the [. columns may be selected
(e.g., K<L). Furthermore, in embodiments wherein a subset
of the L. columns may be selected (e.g., K<L), the K-th x;
vector selected (e.g., 275) may be associated with any modu-
lated symbol, for example not necessarily with the L-th (e.g.,
the last) modulated symbol as shown in FIG. 2.

FIG. 3 may present a continuation of the example
described above, hence it may also depict said x; vectors 271,
272,275. As shown in FIG. 3, a Fast Fourier Transform (FFT)
followed by an absolute value operation (301, 302 and 305)
may be applied to each of the x; vectors (271, 272 and 275,
respectively), wherein the FFT may be of length N in accor-
dance with N phase-offset hypotheses 6, to 0,.,. In some
embodiments, the FFT may be of length N=M (for example,
N=8, wherein in this example M=4) and each input vector x;
may be extended to include the 4 received symbols and the
necessary zero padding (e.g., 4 zero pads in case N=8). The
FFT transforms followed by the absolute operations (301,
302 and 305) may yield K result vectors, each of length N,
which may be denoted as s,, s; and s, (311, 312 and 315,
respectively). The result vectors s, may be averaged, e.g., by
summing the K result vectors in accordance with their corre-
sponding elements (320). The summation result may be a
vector v (330), also of length N. A search for an element in
vector v (330) having a maximum value may be performed
(340). In some embodiments, parabolic interpolation may
also be performed (340), at least at the vicinity (e.g., using the
neighboring elements) of the maximum value element, at
least for the purpose of determining a maximum peak posi-
tion (e.g., within vector v) at a higher resolution. Once the
peak has been determined (345), a phase offset between the
repetitions 210, 220, 230 and 240 (e.g., 6') may be estimated
(350) in accordance with the determined peak position (345),
for example, as the phase that corresponds to the peak posi-
tion.

In another aspect of the disclosure, another method for at
least estimating a phase offset between repetitions may be
presented. In some embodiments, this method may be used in
the presence of ambiguity regarding a start time of at least a
first repetition.

A signal may comprise modulated symbols. A vector a
comprising L symbols (e.g., a=[a,, a,, ..., a,_,], L>0), may
represent a block of modulated symbols of length L. Vector a
may be transmitted using a block repetition technique. A
vector b (e.g., b=[a, a, . . ., a]) may represent a transmitted
vector of symbols, wherein vector b may comprise M repeti-
tions (e.g., M=2) of vector a, and wherein M may represent
the number of repetitions and/or the spreading factor. Vector
b may be transmitted via a medium (for example, a satellite
link, any other wireless link, or any wired link) and received
by a receiver as vector y (€.2., V=[Vo> Y15 - - - s Yazr_11)-

In reference to FIG. 4, vector b may be transmitted in a
transmission burst (e.g., M*L symbols long). A receiver that
may receive the transmitted burst may receive a vector y'
400) (e.g. Y =IY'0s - - - Yers Yo - - - s Ywazzors Yawnars - - - »
Y'paagr_11), Wherein vector y' (400) may comprise vector y
430) (e.g.. y=IYo: V1o - - s Yam- )T Y'e Yiawrs - - - - Yawarz—11)
and any number of preceding and/or trailing other symbols
(e'g's y':[y'os cres y'd—ls Yoo Y15 « - - s Yaar-15 y'd+MLs cees
Y'panar-1ls Whereiny'o, .o Yy 1 Yiaags - - - Ypiagz—1 may
represent d preceding (410) symbols and D-d trailing sym-
bols (420) and wherein d<D). In some embodiments, said
preceding and/or trailing other symbols (e.g., ¥'y . . . ¥'4_;>
V' seaszs - - - s Y paag—1) Mmay be any of noise symbols or
symbols of other bursts, which may be transmitted on the
same frequency as the burst containing the symbols of interest
(e.g., vectory).
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Further in reference to FIG. 4, the start position of vector y
(430) within the received vector y' (400) may be ambiguous,
for example, the number (d) of preceding other symbols (410)
may change from one transmitted burst to another. Therefore,
at least for the purpose of receiving all symbols of interest
(e.g., vector y), a receiver that may be configured for receiv-
ing vector y' (400) may be further configured to utilize an
observation window (460) longer than the length of vector y
(e.g., longer than M*L. symbols).

Each column in the observation window (460) may be
derived from the received vector y' (400) by selecting M
symbols from vector y' (400) at intervals of L. symbols. For
example, column 461 may correspond to starting the selec-
tion from symbol y', (e.g., a preceding symbol), column 462
may correspond to starting the selection from symbol y, (e.g.,
the first symbol of the first repetition), column 463 may
correspond to starting the selection from symbol y,_; (e.g.,
the last symbol of the first repetition), and column 464 may
correspond to starting the selection at the last possible posi-
tion, e.g., a position which may result in selecting the symbol
V' paas—1 (€.g., the last trailing symbol). Since vector y' (400)
may include a total of M*L+D symbols (e.g., M*L symbols
of interest and D preceding and/or trailing symbols), an
observation window (460) comprising a column for every
possible selection position may comprise L+D columns.
Thus, given the position of vector y (430) within vector y'
(400), D columns in the observation window (460) may
include one or more of the preceding symbols (410) or one or
more of the trailing symbols (420), and L columns may
include only symbols of vector y (430).

From this point, the method for at least estimating a phase
offset between the M repetitions may be similar to the one
previously presented and may comprise the following steps:

Constructing K vectors X, t0 Xz_;, wherein each vector x,
may comprise M symbols from vector y' (400) at intervals of
L symbols, and wherein K may be smaller than, equal to, or
larger than L. It may be noted that some vectors x, may
include preceding or trailing symbols not included in vector y.

Determining N phase-offset hypotheses (e.g., denoted as
0, 04, . . ., By, €.g., in radians) corresponding to a phase
difference (e.g., 8) between successive repetitions.

Calculating K combined symbol vectors z, to zp i,
Whereln each element # in a vector z,(e.g., 2= [Z, 7, ...,

7 11, wherein O=j=K~ l) may be calculated by comblmng all
the elements (e.g., ¥/,,, wherein O=m=M-1) in the corre-
spondlng vector X, in accordance with a phase-offset hypoth-
esis 0, (0=n=N- l) In some embodiments, an element 7, in a
vector z, may be calculated according to the followmg for-
mula, for example, using a Fast Fourier Transform (FFT)ora
Discrete Fourier Transform (DFT):

M-1

)

m=0

J p—imb
Xe I

Calculating K metric vectors s, to sp_, (e.g., [s’o,
¢, ..., ¥y ], wherein Osj<K-1) that may correspond to
combined symbol vectors z, to z_,. Each element 8/, in a
vector s, may correspond, for example, to any of a power
characteristic, an energy characteristic or an amplitude char-
acteristicofa correspondlng 7 elementina correspondlng z,
vector. In some embodlments each element ¢, in a metrlc
vector s, may be computed from a correspondlng element Z,
in a corresponding combined symbol vector z; using the abso-
Iute value operation, for example, in accordance with the
formula:

s,7=1z,]1
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In some embodiments, each element s, in a metric vector
s; may be computed from a corresponding element 7 ina
corresponding combined symbol vector z; using the Bessel
function.

It may be noted that a vector z; that may be combined from
a vector X, that may include preceding or trailing symbols
(e.g., noise symbols which may not be included in vector y),
may be associated with lower power, energy or amplitude
characteristics. Thus, the metric values in the s, vector corre-
sponding to such 7, vector may be lower than corresponding
values in s, vectors corresponding to X, vectors including only
symbols from vector y (e.g., no preceding or trailing noise
symbols), even for the correct phase-shift hypothesis.

Determining an averaging length C (e.g., C<K) and calcu-
lating average metric vectors v, to Ve o (e.g., Vv, =V,
V... N_ 11, wherein 0<j<K-C), wherein each elementv’
(0<n<N 1) in a vector v, may be calculated (computed) by
averaging the C correspondlng elements ', to §*<~! from
the corresponding C metric vectors s; to s;, ., respectively.
In some embodiments, this averaging may be computed using
an Infinite Impulse Response (IIR) filter. In some embodi-
ments, for example at least for the purpose of reducing com-
putation complexity, only some of the vectors v, to v_. may
be calculated.

Determining the maximum e_lement value in each vector v,
(e.g., V= MAX(V,, . .., V), wherein 0<j=K-C) and
selectlng the vector v; haVlng the maximum element value,
e.gs Vi MAX MAX(VOMAXs s VE ).

Determining the index of the element having the maximum
value (e.g., V,,,) in said selected v, vector, e.g., index p
(v,=Var4x, Wherein O=p=N-1), and estimating a phase offset,
e.g., 0', between each two consecutive repetitions of said M
repetitions in accordance with the phase-offset hypothesis
corresponding to said maximum value element v, (for
example, 6'=0,, wherein §' may be in radians). In some
embodiments, an interpolation technique may be used over
the elements of said selected average metric vector v, at least
for the purpose of estimating said phase offset between rep-
etitions, e.g., 0', more accurately or at higher resolution.

In some embodiments, determining the average length C,
calculating the average metric vectors v, t0 Vg_., and/or
determining the maximum element value in each vector v,
(e.g., as described above) may be performed in parallel. For
example, the maximum element value in a v, vector (e.g.,
Va4x) may be determined in parallel to calculating that v,
vector. Once the vector v; may be fully calculated, its maxi-
mum element value may be determined. In addition, if the
determined maximum element value corresponding to the
current v, vector exceeds a previously found maximum ele-
ment value (e.g., associated with a previously calculated v,
vector), the current vector may be selected, otherwise the
previously selected vector may remain selected.

In some embodiments, the method described above may
also comprise a step of using the estimated phase offset, e.g.,
0', for at least the purpose of coherently combining the
received repetitions. First, the phase offsets between the M
repetitions may be canceled to produce phase-corrected sym-
bols, and then the phase-corrected symbols may be combined
(summed) to produce coherently combined symbols.

In another aspect of the disclosure, a satellite communica-
tion system may be presented. The satellite communication
system may comprise at least one transmitter and at least one
receiver, wherein the at least one transmitter may be config-
ured to transmit via a satellite towards the at least one receiver
and the at least one receiver may be configured to receive a
transmission from the at least one transmitter via the satellite.
Furthermore, in said satellite communication system, the at
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least one transmitter may be configured to transmit towards
the at least one receiver modulated symbols using a block
repetition technique and the at least one receiver may be
configured to receive block repetitions of modulated symbols
and to coherently combine the repetitions for at least the
purpose of receiving the information transmitted by the at
least one receiver.

In some embodiments, the at least one receiver may be
configured to use any of the above described methods for at
least the purpose of estimating a phase offset between
received repetitions. In some embodiments, the at least one
receiver may be further configured to use said estimated
phase offset for at least the purpose of coherently combining
the received repetitions, wherein said coherently combining
may include cancelation of the phase offsets between the
received repetitions of each symbol to produce phase-cor-
rected symbols, and then combining (summing) the phase-
corrected symbols to produce coherently combined symbols.

Various aspects of the disclosure may be embodied as one
or more methods, systems, apparatuses (e.g., components of
a satellite communication network), and/or computer pro-
gram products. Accordingly, those aspects may take the form
of an entirely hardware embodiment, an entirely software
embodiment, an entirely firmware embodiment, or an
embodiment combining firmware, software, and/or hardware
aspects. Furthermore, such aspects may take the form of a
computer program product stored by one or more computer-
readable storage media having computer-readable program
code, or instructions, embodied in or on the storage media.
Any suitable computer readable storage media may be uti-
lized, including hard disks, CD-ROMs, optical storage
devices, magnetic storage devices, and/or any combination
thereof. In some embodiments, one or more computer read-
able media storing instructions may be used. The instructions,
when executed, may cause one or more apparatuses to per-
form one or more acts described herein. The one or more
computer readable media may comprise transitory and/or
non-transitory media. In addition, various signals represent-
ing data or events as described herein may be transferred
between a source and a destination in the form of electromag-
netic waves traveling through signal-conducting media such
as metal wires, optical fibers, and/or wireless transmission
media (e.g., air and/or space).

Modifications may be made to the various embodiments
described herein by those skilled in the art. For example, each
of the elements of the aforementioned embodiments may be
utilized alone or in combination or sub-combination with
elements ofthe other embodiments. It will also be appreciated
and understood that modifications may be made without
departing from the true spirit and scope of the present disclo-
sure. The description is thus to be regarded as illustrative
instead of restrictive on the present disclosure.

What is claimed is:

1. A method, comprising:

receiving a stream of symbols, the stream of symbols com-
prising M block repetitions, each block repetition of the
M block repetitions comprising [. symbols, wherein
Mz=2 and L>0;

constructing K symbol replica vectors, wherein K<[. and
each symbol replica vector of the K symbol replica
vectors comprises M received symbols from the stream
of'symbols, and wherein successive symbols in a symbol
replicavector of the K symbol replica vectors are located
within said stream of symbols at an interval of L sym-
bols;

determining N phase-offset hypotheses, wherein N>0;
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calculating K combined symbol vectors of length N,
wherein each element in each combined symbol vector
of the K combined symbol vectors is calculated by com-
bining, in accordance with a corresponding phase-offset
hypothesis of the N phase-offset hypotheses, one or
more symbols included in a corresponding symbol rep-
lica vector of the K symbol replica vectors;

calculating K metric vectors of length N corresponding to
the K combined symbol vectors;

calculating an average metric vector of length N, wherein
each element in the average metric vector is calculated
by at least one of averaging or summing K correspond-
ing elements from the K metric vectors;

identifying, from amongst a plurality of elements in the
average metric vector, an element having a maximum
value; and

determining, in accordance with a phase-offset hypothesis
that corresponds to the element having the maximum
value, an estimated phase offset.

2. The method of claim 1, wherein said N phase-offset

hypotheses are evenly spaced.

3. The method of claim 1, wherein determining said N
phase-offset hypotheses comprises determining said N
phase-offset hypotheses in accordance with at least one of an
expected maximum carrier frequency offset between a trans-
mitter and a receiver, a maximum expected phase offset cor-
responding to a determined duration of L symbols, a specified
phase-offset estimation resolution, or one or more computa-
tion limitations.

4. The method of claim 1, wherein calculating said K
combined symbol vectors of length N comprises utilizing at
least one of a Fast Fourier Transform (FFT) or a Discrete
Fourier Transform (DFT).

5. The method of claim 1, wherein each element in each
metric vector of said K metric vectors corresponds to at least
one of one or more power characteristics, one or more energy
characteristics, or one or more amplitude characteristics of a
corresponding element in a corresponding combined symbol
vector of the K combined symbol vectors.

6. The method of claim 1, wherein calculating said K
metric vectors of length N comprises performing an absolute
value operation over one or more corresponding elements of
the K combined symbol vectors.

7. The method of claim 1, wherein calculating said K
metric vectors of length N comprises utilizing a Bessel func-
tion.

8. The method of claim 1, comprising interpolating the
average metric vector to create an interpolated vector,
wherein identifying, from amongst the plurality of elements
in the average metric vector, the element having the maxi-
mum value comprises identifying, from amongst a plurality
of elements in the interpolated vector, an element of the
plurality of elements in the interpolated vector that has a
maximum value, and wherein determining said estimated
phase offset comprises determining, in accordance with an
interpolated phase-offset hypothesis corresponding to said
element of the plurality of elements in the interpolated vector
that has the maximum value, the estimated phase offset.

9. The method of claim 1, wherein determining said esti-
mated phase offset comprises determining the estimated
phase offset to be a phase offset between each two consecu-
tive repetitions of said M block repetitions.

10. The method of claim 1, comprising:

canceling, in accordance with said estimated phase offset,
one or more phase offsets between the M block repeti-
tions to produce phase-corrected symbols; and



US 9,094,266 B2

11

summing the phase-corrected symbols to produce coher-

ently combined symbols.

11. A satellite-communication system comprising:

an antenna; and

a receiver configured to:

receive, via the antenna, a stream of symbols, the stream
of symbols comprising M block repetitions, each
block repetition of the M block repetitions comprising
L symbols, wherein M=2 and [.>0;

construct K symbol replica vectors, wherein K<[. and
each symbol replica vector of the K symbol replica
vectors comprises M received symbols from the
stream of symbols, wherein successive symbols in a
symbol replica vector of the K symbol replica vectors
are located within said stream of symbols at an inter-
val of L symbols;

determine N phase-offset hypotheses, wherein N>0;

calculate K combined symbol vectors of length N,
wherein each element in each combined symbol vec-
tor of the K combined symbol vectors is calculated by
combining, in accordance with a corresponding
phase-offset hypothesis of the N phase-offset hypoth-
eses, one or more symbols included in a correspond-
ing symbol replica vector of the K symbol replica
vectors;

calculate K metric vectors of length N corresponding to
the K combined symbol vectors;

calculate an average metric vector of length N, wherein
each element in the average metric vector is calcu-
lated by at least one of averaging or summing K
corresponding elements from the K metric vectors;

identify, from amongst a plurality of elements in the
average metric vector, an element having a maximum
value; and

determine, in accordance with a phase-offset hypothesis
that corresponds to the element having the maximum
value, an estimated phase offset.

12. The satellite-communication system of claim 11,
wherein the receiver is configured to determine said N phase-
offset hypotheses in accordance with at least one of an
expected maximum carrier frequency offset between a trans-
mitter of said stream of symbols and the receiver, a maximum
expected phase offset corresponding to a determined duration
of L symbols, a specified phase-offset estimation resolution,
or one or more computation limitations of the receiver.

13. The satellite-communication system of claim 11,
wherein the receiver is configured to utilize at least one of a
Fast Fourier Transform (FFT) or a Discrete Fourier Trans-
form (DFT) to calculate said K combined symbol vectors of
length N.

14. The satellite-communication system of claim 11,
wherein each element in each metric vector of said K metric
vectors corresponds to at least one of one or more power
characteristics, one or more energy characteristics, or one or
more amplitude characteristics of a corresponding element in
a corresponding combined symbol vector of the K combined
symbol vectors.

15. The satellite-communication system of claim 11,
wherein the receiver is configured to:

interpolate the average metric vector to create an interpo-

lated vector;

identify, from amongst a plurality of elements in the inter-

polated vector, an element having a maximum value;
and

determine, in accordance with an interpolated phase-offset

hypothesis corresponding to said element of the plural-
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ity of elements in the interpolated vector that has the
maximum value, the estimated phase offset.

16. The satellite-communication system of claim 11,
wherein the receiver is configured to:

determine a phase offset between each two consecutive

repetitions of said M block repetitions to be the same as
said estimated phase offset;

cancel, in accordance with said estimated phase offset, one

or more phase offsets between the M block repetitions to
produce phase-corrected symbols; and

sum the phase-corrected symbols to produce coherently

combined symbols.
17. A method, comprising:
receiving a stream of symbols, the stream of symbols com-
prising M block repetitions, each block repetition of the
M block repetitions comprising L. symbols, wherein a D
number of symbols at least one of precede the block
repetitions or trail the block repetitions, and wherein
Mz=2, L>0, and D>0;

constructing K symbol replica vectors, wherein each sym-
bol replica vector of the K symbol replica vectors com-
prises M received symbols from the stream of symbols,
wherein successive symbols in a symbol replica vector
of the K symbol replica vectors are located within said
stream of symbols at an interval of I symbols, and
wherein K<L+D;

determining N phase-offset hypotheses, wherein N>0;

calculating K combined symbol vectors of length N,

wherein each element in each combined symbol vector
of the K combined symbol vectors is calculated by com-
bining, in accordance with a corresponding phase-offset
hypothesis of the N phase-offset hypotheses, one or
more symbols included in a corresponding symbol rep-
lica vector of the K symbol replica vectors;

calculating K metric vectors of length N corresponding to

the K combined symbol vectors;
determining an averaging length C, wherein C is less than
or equal to K;

calculating a plurality of average metric vectors of length
N, wherein each element in an average metric vector of
the plurality of average metric vectors is calculated by at
least one of averaging or summing C corresponding
elements from C corresponding metric vectors of the K
metric vectors;

identifying, from amongst the plurality of average metric

vectors, an average metric vector comprising an element
with a maximum value relative to values of each of the
elements of each average metric vector of the plurality of
average metric vectors; and

determining, in accordance with a phase offset-hypothesis

that corresponds to the element with the maximum
value, an estimated phase offset.

18. The method of claim 17, wherein said N phase-offset
hypotheses are evenly spaced.

19. The method of claim 17, wherein determining said N
phase-offset hypotheses comprises determining said N
phase-offset hypotheses in accordance with at least one of an
expected maximum carrier frequency offset between a trans-
mitter and a receiver, a maximum expected phase offset cor-
responding to a determined duration of L symbols, a specified
phase-offset estimation resolution, or one or more computa-
tion limitations.

20. The method of claim 17, wherein calculating said K
combined symbol vectors of length N comprises utilizing at
least one of a Fast Fourier Transform (FFT) or a Discrete
Fourier Transform (DFT).
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21. The method of claim 17, wherein each element in each
metric vector of said K metric vectors corresponds to at least
one of one or more power characteristics, one or more energy
characteristics, or one or more amplitude characteristics of a
corresponding element in a corresponding combined symbol
vector of the K combined symbol vectors.

22. The method of claim 17, wherein calculating said K
metric vectors of length N comprises performing an absolute
value operation over one or more corresponding elements of
the K combined symbol vectors.

23. The method of claim 17, wherein calculating said K
metric vectors of length N comprises utilizing a Bessel func-
tion.

24. The method of claim 17, wherein calculating the plu-
rality of average metric vectors comprises utilizing an Infinite
Impulse Response (IIR) filter.

25. The method of claim 17, wherein each average metric
vector of the plurality of average metric vectors is calculated
using a different set of corresponding metric vectors of the K
metric vectors, and wherein at least one metric vector ofthe K
metric vectors is used for calculating more than one average
metric vector of the plurality of average metric vectors.

26. The method of claim 17, wherein determining the esti-
mated phase offset comprises:
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interpolating the average metric vector comprising the ele-
ment with the maximum value to create an interpolated
vector;

identifying, from amongst a plurality of elements in the

interpolated vector, an element of the plurality of ele-
ments in the interpolated vector that has a maximum
value; and

determining, in accordance with an interpolated phase-

offset hypothesis corresponding to said element of the
plurality of elements in the interpolated vector that has
the maximum value, the estimated phase offset.
27. The method of claim 17, wherein determining said
estimated phase offset comprises determining the estimated
phase offset to be a phase offset between each two consecu-
tive repetitions of said M block repetitions.
28. The method of claim 17, comprising:
canceling, in accordance with said estimated phase offset,
one or more phase offsets between the M block repeti-
tions to produce phase-corrected symbols; and

summing the phase-corrected symbols to produce coher-
ently combined symbols.

#* #* #* #* #*



